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Platinum-coated Nafion 1 17 structures were characterised using electrochemical measurements of platinum surface 
area and a number of microscopy techniques. The morphology and composition of the platinum deposits were 
related to their preparation conditions in terms of platinum salt concentration, electrolyte flow and the surface 
roughness of Nafion 1 17. Platinum surface areas achieved were higher than the values predicted for ideal spherical 
platinum particles of average diameter. This is due to a fine microstructure, which realises much smaller platinum 
particles than average (down to about 50 nm) allied to the geometry produced by their clustering to form nodules 
(about 0.1-1.5 (*m diameter micro-nodules and about 3-5 um macro-nodules). Adherent platinum deposits with 
high surface areas were promoted by using roughened Nafion 117 membranes and enhancing the mass transport of 
chloroplatinate and tetraborohydrale ions by magnetic stirring of the electrolyte. A flow cell produced much more 
reproducible platinum-coated Nafion 1 17 structures. At best, platinum surface areas of 30-50 m* g~' Pi were 
achieved at platinum penetration depths of 5-30 um into the membrane surface. 



Introduction 

Fluorpcarbon ion-exchange membranes coated or laminated to 
an eiectrocatalyst layer have become essential components in 
many electrochemical devices, including proton exchange 
membrane fuel cells, 1 electrolysis cells 2 and more recently a 
wide range of sensor devices. For example, an amperometric 
flow cell incorporating a Pt/Nafion sensor electrode has been 
successfully used for the amperometric determination of 
quinones, amines and phenols in aqueous solution and also for 
hydrazine, hydroquinone, oxalic acid, ascorbic acid and tetra- 
cyanoquinodimethane (TCNQ). 3 

DuPont first developed perfluorinated membranes in the 
early 1960s under the trade-name Nafion. These ion-exchange 
membranes 4 are copolymers of tetrafluoroethylene and per- 
fluorinated vinyl ethers containing terminal sulfonyl fluoride 
groups. Such terminal groups are then treated to produce the 
proton conducting -S0 3 H (or -C0 2 H) groups. The ionomeric 
structure and properties of ionomers such as Nafion have been 
discussed in detail elsewhere. 4 -" Nafion is frequently used in 
fuel cell and electrolysis applications as a result of an excellent 
chemical and mechanical stability allied to a high ionic 
conductivity. 12 

Nafion ion-exchange materials produce highly acidic envi- 
ronments as a consequence of the sulfonic acid groups located 
within the micelle structure. 7 Thus noble metals (most notably 
platinum) or their oxides are often the electrocatalysts of 
choice for coating or laminating to the solid polymer electrolyte 
(SPE). 13 Since noble metal coated SPEs are high cost materials, 
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for the majority of applications low noble metal loadings are 
required to limit costs. Further, at such loadings, it is important 
to maximise the active metal surface area to achieve a high 
metal dispersion on the SPE to promote the desired reaction(s). 
Good adhesion of the eiectrocatalyst to the membrane is also 
necessary to reduce ohmic losses and to support the 
high mechanical stresses produced during operation. Such 
stresses arise due to dimensional changes in the membrane 
during hydration, dehydration and gas evolution, which often 
accompany the main reaction(s) in electrosynthesis applica- 
tions. 

There are several methods of depositing metal coatings on 
membrane surfaces, notably mechanically pressing,''' electro- 
chemical deposition 15 ' 16 and chemical deposition, 1718 In this 
study, a chemical reduction route, first reported by Takenaka 
and co-workers, l7J 8 was used to deposit platinum on one side of 
a Nafion 1 17 membrane. 

In this method, solutions of platinum anions, such as 
chloroplatinate (PtCIe 2 "), and a reducing agent, typically 
tetrahydroborate ion (BH4-), are exposed to opposite sides of a 
stationary SPE membrane. BR," ions continuously penetrate 
the membrane and come into contact with PlCl 6 2- ions on the 
opposite membrane face, at which point the platinum ions are 
reduced to platinum metal at the membrane surface according to 
the redox reactions: 

PtCV~ + 4e-->Pt + 6Cl- (1) 
BH.,- + 3H 2 0 - 4e~ ~* BO3 3 - + 2H 2 + 6H* (2) 
to give the overall process: 
PtCl 6 2 - + BH4- + 3H 2 0 -> Pt + 

B0 3 3 ~ +6C1- +2HJ + 6H-* (3) 

Here, cyclic voltammetry, 19 atomic force microscopy (AFM), 2 " 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and electron probe microanalysis (EPMA) 21 
were used to characterise platinum-coated Nafion 1 1 7 mem- 
branes under a variety of synthesis conditions. 
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Experimental 

The Nafion 1 17 membrane (nominal thickness 178 [im, Sigma- 
Aldrich, Dorset, UK) was boiled in de-ionised water for 2 h 
prior to platinum deposition. A circular disc of the protonated 
formof Nafion 1 17 (6.25 cm 2 ) was mounted vertically between 
polypropylene flanges closed at one end to accommodate 
electrolyte. One membrane face was exposed to 25 'cm 3 of 
H 2 PtCI 6 (AR grade, Fisher Scientific UK, Loughborough, UK) 
and the opposite face was simultaneously exposed to 90 cm 3 of 
0.1 mol dm-3 NaBR, (SLR grade, Fisher Scientific UK) in 1 
moldm-3 NaOH (SLR grade, Fisher Scientific UK). The 
reaction lime was typically limited to 3h at 295 K. Surface 
roughening of Nafion 1 17 was achieved by abrasion with 1200 
grade silicon carbide paper prior to placing it in the deposition 
cell. The deposition process created large amounts of hydrogen 
{reaction (3)J which needed to be removed to minimise the 
effect on the platinum deposition. This was achieved by 
agitating the electrolyte either through manual shaking of the 
cell at regular (10-15 min) intervals, by magnetically stirring 
the electrolyte or by placing the cell in a mechanical shaker. 
Prior to electrochemical studies, the Pt/Nafion samples were 
soaked for approximately 16 h in I mol dm~ 3 H 2 S0 4 (AR 
grade, Fisher Scientific UK) at 295 K to leave the membrane in 
a hydratcd, acid form. 

In a modified procedure, hydrogen was removed in a 
controlled manner using a flow-through cell (Fig. 1). The cell 
was machined from four blocks of polypropylene (each 3 cm 
wide X 5 cm long X 1 cm thick). The inner polypropylene 
blocks formed the electrolyte channels. The H 2 PtCl 6 and 
NaBfiU flow channels were separated by the Nafion 1 17 
membrane, exposing a membrane surface area of 235 cm 2 . 
Silicone rubber gaskets were placed between each of the four 
blocks to prevent leakage. The cell was held together with six 
brass tie-rods. The H 2 PtCl 6 and NaBrL, reservoirs were filled 
with 80 cm 3 of solution at a temperature of approximately 295 
K. The reaciant solutions were circulated using two Totton EMP 
50/7 pumps. The flow was measured volumetrically before and 
after each experiment. 

The platinum loading on the Pt/Nafion electrodes was 
determined by the mass difference of the Nafion membrane 
before and after metal deposition. The membranes were boiled 
in de-ionised water for I h prior to deposition and dried for 
20-24 h at 353 K and 740 mmHg to constant mass both before 
and after deposition. 

The real surface area of a catalyst can be orders of magnitude 
greater than the geometric area. Since adsorption and catalytic 
reaction rates are based on real surface area, it is important to be 
able to measure this value. An accepted electrochemical method 




Fig. 1 Schematic diagram of the flow-through cell used to deposit Pi on a 
Nafion 117 membrane via a diffusion process through the membrane 
involving tetrahydroborate ion reduction of chioroplalinate ion; x = Pi 
deposit nominal thickness (I78{im); ml = mass transport of species, 



of estimating the surface area of platinum is to measure the 
saturated hydrogen coverage, 2b, of the platinum from a cyclic 
voltammogram after subtracting the double layer charge. Fig. 2 
shows a cyclic voltammogram of a Pt/Nafion surface obtained 
after 10 h of potential cycling between the limits 0 and 1.5 V 
versus SHE at a potential sweep rate of 40 mV s~' in l mol 
dm- 3 H 2 S0 4 at 295 K. The established features of hydrogen 
adsorption, hydrogen desbrption, double layer charging, oxide 
formation and oxide reduction are evident as peaks in the 
voltammogram. 19 It is assumed that each surface platinum atom 
is associated with one chemisorbed hydrogen atom, allowing 
the charge corresponding to the area under the strong and weak 
hydrogen adsorption peaks, Q h , to be converted to the real 
electrochemical surface area. When polycrystalline surfaces are 
considered, the conversion of the adsorption charge to the real 
surface area is 210 uC cm -2 Pt. This value has been generally 
accepted as a conversion standard: 19 

a k = fih/e* (4) 

where Aec is the real electrochemical surface area (cm 2 Pt), g b 
is the saturated hydrogen coverage on the electrode (u-C) and g m 
is the electrical charge associated with monolayer adsorption of 
hydrogen (Q m = 210 uC cm-* Pt). 

The enhancement of real electrochemical surface area, in 
comparison with a smooth surface, can be described by a 
roughness factor (cm 2 Pt cm -2 ): 

R F = AJA, (5) 

where A K is the real electrochemical surface area (cm 2 Pt) and 
A^ is the geometric surface area (cm 1 ), which is a circular disc 
in the present work. 

AFM studies were performed in air under normal atmos- 
pheric conditions using a Discoverer TopoMetrix TMX2000 
scanning probe microscope (SPM) (TopoMetrix, Saffron Wal- 
den, Essex, UK). Samples were mounted on a conductive 
carbon support and imaged uncoated. A scanner capable of a 
maximum x.y.z- translation of 75 X 75 X 12 urn was used and 
imaging was performed in contact mode using forces in the 
range of 1-10 nN. Imaging was restricted to platinum deposits 
with a surface relief of less than 16 u,m owing to limitations in 
the z-range of the scanners piezo-element. Standard profile, 
silicon nitride tips, mounted on cantilevers of spring constant 
0.036 N m _! , were used and the graphic output was displayed 
on a monitor with a resolution of 400 lines by 400 pixels. 
Images were levelled by plane fitting and shaded to enhance 
topographic features; quantitative data were extracted from 
levelled images. 
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Fig. 2 Cyclic voliammograms of Pt-coated Nafion 1 17 membrane in 1 
mol dm J HjSOt ai 295 K. The inner voltammogram (thin line) was 
obtained for a low platinum loading (1.2 mg Pt cm- 2 ) and the outer (bold 
line) for a higher platinum loading (6.4 mg Pt cm" 3 ). The shaded regions on 
ihe voliammograms represent the hydrogen adsorption charge, gh. used in 
the surface area measurements. Potential sweep rate: 40 mV s _1 . 
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EPMA was performed using a Camebax SX500 instrument. 
A section of the Pt/Naf ion sample was mounted in resin (Struers 
Epofit) reinforced with alumina particles. The surface was 
polished using silicon carbide papers then diamond paste down 
to a surface roughness of less than 0.1 urn. ft was vacuum coated 
with an approximately 20 nm thickness of carbon to provide an 
electrically conductive surface. The sample was examined using 
a beam current of 20 nA and an accelerating voltage of 20 kV. 
For each Pt/Nafion sample, a peak and background pair of line 
scans was obtained across the platinum deposit and into the 
membrane. For the uncoated membrane, apeak and background 
pair of line scans was run across a portion of the surface. The 
background signals were subtracted from the peak signals to 
produce peak -background corrected line scans for platinum and 
fluorine. 

SEM was performed on a Lieca Electron Optics S250 
instrument using an accelerating voltage of 20 kV. The Pt/ 
Nafion samples were mounted on a specimen grid and cooled in 
liquid nitrogen to 77 K and cut with a blade to examine cross- 
sections. Secondary and backscattered electron micrographs 
were obtained. TEM utilised a Philips EM400T electron 
microscope using an acceleration voltage of 100 kV with bright- 
and dark-field illumination. The Pt/Nafion samples were 
supported on carbon-coated grids. 



Results and discussion 

Effect of chloroplatinic acid concentration on platinum 
deposition 

The mass of platinum deposited and the platinum surface area 
were mainly affected by the reaclarit concentration, the flux of 
the diffusing reactants, the deposition time and the temperature. 
In the first experiments, the H 2 PtCI« concentration was treated 
as a major variable. The other variables were kept constant, with 
manual shakingof the cell initially used to remove hydrogen gas 
bubbles produced during the deposition process [reaction (3)]. 

Fig. 3(a) shows the effect of H 2 PtCl6 concentration on the 
mass of platinum deposited. This increased with H 2 PtCI 6 
concentration, although the relationship was non-linear with the 
platinum loading increasing only slightly at higher HjPtCIs 
levels. The roughness factor, which is the ratio of real 
electrochemical surface area to geometric area, also increased 
with H 2 PlCI 6 in a non-linear fashion, as shown in Fig. 3(b). 

In Fig. 3(c), the results from Fig. 3(a) and (b) are correlated 
in the form of a roughness factor versus platinum-loading plot. 
Again, a non-linear relationship is evident and there is a 
relatively large region between 1.2 and 3.5 mg Pt cm -2 where 
the roughness factor increases only slightly with increase in 
platinum loading. At a platinum loading higher than approx- 
imately 3.5 ing Pt cm- 2 , the roughness factor increases much 
more steeply. There is a clear trade-off between obtaining high 
K F values corresponding to high real electrochemical surface 
areas and the production of high loading to give thick, expensive 
platinum deposits. 

It is useful to rationalise the experimental roughness factors 
obtained from hydrogen adsorption oculometry by comparing 
the data with the predictions of a simple model. 1 2 The platinum 
deposit can be naively considered as a homogeneous distribu- 
tion of smooth, non-porous, spherical particles, each of 
diameler d (cm). The specific surface area, S (cm 2 g~' Pt), is 
then given by 

S = 6/prf (6) 

where p is the density of platinum (21.41 g cm -3 ). The specific 
surface area may also be related to the real and geometric values 
of area (A r and /!„) and the platinum loading, W (g Pt cm~ 2 ), 
by 

S = (AJAsXVW) (7) 



Since in this study A M is used to measure A r , the roughness 
factor can be described as 



R r = SW 



(8) 



The selection of an appropriate value for d is difficult as 
microscopy shows that a wide distribution of platinum particle 
sizes exists. For the purposes of calculation, 100 nm may be 
taken as an average particle diameter measured in SEM, AFM 
and TEM images. Application of eqn. (6) to calculate S and eqn. 
(8) to give the theoretical versus W relationship produces the 
dotted straight line shown in Fig. 3(c). The experimental data 
provide roughness factors that are considerably higher than the 
predicted values* This is illustrated by the model predictions 
shown by the dashed lines in Fig. 3(c), which indicate that a 
much better fit is obtained for platinum particle diameters below 
50 nm. The simple model cannot, however, accommodate the 
rapid rise in Sp at high platinum loadings, which corresponds to 
an increase in the specific surface area of (he deposit. 
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Fig. 3 Relationship between chloroplalinic acid concentration, platinum 
loading and roughness factor. Deposition conditions: 0.1 mol dm~' NaBH 4 
in I mol dm" 3 NaOH; 3 h deposition time; T = 295 K; Nafion 1 17 surface 
not roughened prior to platinising; manual shaking employed, (a) 
Dependence of platinum-loading on chloroplalinic acid concentration; (b) 
dependence of roughness factor on chloroplatinic acid concentration; (c) 
roughness factor as a function of platinum loading for the data in (a) and (b>. 
The slope of the curve represents the specific surface area of the platinum 
deposit. The dotted line shows the predictions of a simple model, assuming 
deposition of smooth, non-porous, homogeneous, spherical particles of Pt 
having a diameter of 100 nm. The dashed lines show ihe model predictions 
for a range of Pi particle diameters. 
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Investigating the morphology of the platinum deposit 
highlighted the reason for the high 7? F values. Fig. 4(a) shows a 
typical scanning electron micrograph of a high platinum loading 
membrane sample (6.4 mg Pt cm -2 ) prepared using 0.02 mol 
dm-3 H 2 PtCl<; and 0.1 mol dm~ 3 NaBH 4 in 1 mol dm-' NaOH 
with a 3 h deposition time and manual shaking of the cell. A 
smooth, 'mud-cracked* surface is evident with maero-nodules 
2-4 mm wide on islands of width 40-100 urn formed by the 
cracks in the deposit. The cracks are approximately 1 pm across 
and were shown to arise during the deposition process itself, 
rather than from subsequent drying effects. This cracking, 
which may be caused by an increase in the internal tensile stress 
in the deposit, may limit the lifetime of die electrode structure in 
some applications by allowing liquid electrolyte ingress, 
thereby undermining the deposit and perhaps promoting 
membrane degradation. Following cracking early in the deposi- 
tion process, subsequent layers of platinum grew in the cracks, 
giving rise to a two-layered structure shown in Fig. 4(b). 
Backscattered electron imaging showed that the platinum had 
deposited relatively uniformly across the SPE surface, the 
nominaldeposit thickness being approximately 5 um. 

At a lower platinum loading, the noble metal coating showed 
similar features. Forexample, SEM studies were also performed 
on a relatively low platinum loading surface (1.2 mg Pt cm~ 2 ) 
prepared from 0.01 mol dm~ 3 HjPtCIs and 0.1 mol dm -3 
NaBR, in 1 mol. dm -3 NaOH, with a 3 h deposition time and 
manual shaking of the cell. As expected, a thin platinum coating 
was formed. In fact, backscattered electron imaging indicated 
the average deposit thickness was only 0.2 u.m and an 
incomplete surface coverage of die Nafion membrane was 
obtained. In the plated regions, macro-nodules, 1.0-2.5 \im 
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Fig. 4 Scanning electron micrograph of a Pt-coated Nafion 1 17 membrane 
surface containing a high platinum loading (6.4 mg Pt. cm -2 ). The deposit 
was obtained from O.02 mol dm- 3 H 2 PiCI 6 and 0.1 mol dm"^ NaBR) in t 
mol dm-' NaOH which had been manually shaken during a deposition time 
of 3 h. 7' = 295 K with the membrane surface not roughened prior to 
platinum deposition. Image (b) is an enlarged region of one of the crocked 
regions seen in image (a). 



wide, were evident on islands of width 1 00-1 80 urn divided by 
cracks typically 2-4 urn across. 

Closer examination of the relatively 'flat' regions of the 
surface of the Pt/Nafion structures (with a surface relief less 
than 16 u.m) using AFM provided further insight into the 
topography. A typical AFM micrograph of the Pt/Nafion 
membrane is shown in Fig. 5(a). As evidenced by SEM, the 
deposit can be considered as a series of macro-nodules typically 
0.7-3.2 urn in diameter. In Fig. 5(a), AFM clearly shows, 
however, that these are made up from micro-nodule assemblies 
of diameter 0,1-1.5 [im. Most importantly, closer examination 
by TEM revealed a finer grain structure down to 50 nm 
diameter. Such findings are comparable to those in studies using 
an impregnation-reduction technique with a [Pt(NH 3 ),j] 2+ 
salt. 12 As shown in Fig. 3(c), smaller platinum particles give 
higher R F values, but with the Pt/Nafion electrodes, since d <• 
100 nm, it is the fine microstructure allied to the way in which 
the small (50-100 nm) platinum particles cluster to from 
complex 3D geometries that produces the high R r values. 
Further, the rapid rise in R? at high platinum loading is probably 
attributable to the effect of the macro-nodules, evident in Fig. 
5(a). Certainly the macro-nodules arc more likely to be formed 
at high platinum loading. They may alter the packing of the fine 
microstructure in a fashion mat increases the specific surface 
area. This macro-nodule formation may be due to heterogeneity 
in the membrane structure allowing preferential deposition of 
platinum at specific membrane sites. Some indication of this is 
given by the difficulty in reproducing macro-nodule formation, 
with similar preparation conditions giving platinum deposits 
having varying numbers of macro-nodules. 

In addition to the fip versus W relationship, the adhesion of 
the deposit is very important. EPMA was used to investigate the 
location of the platinum. Three distinct regions were found, (i) 




Fig. 5 Atomic force micrographs of Pl-coated Nafion 117 membrane 
prepared under two different deposition conditions: (a) 0.03 mol dm -3 
l-yiCle and 0. 1 mol dm" 3 NaBH 4 in I mol dm-' NaOH manually shaken 
during a deposition lime of 3 h, T = 295 K, with membrane surface not 
roughened prior to platinum deposition; (b) structure obtained using a flow- 
through cell, using 0.02 mol dm- 3 HaPtCU (v = 4.3 cm s"'} and 0.1 mol 
dm -3 NaBH» in 1 mol dm" 1 NaOH (v = 4.3 cm s~ ') over a 4 h deposition 
lime, T = 295 K, with the membrane surface prc-rougbened prior to 
platinum deposition. 
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an externa] platinum deposit, (ii) platinum inside the membrane 
and (iii) very low levels of isolated platinum particles deeper 
inside the membrane which cannot take part in any reaction. For 
example, background corrected line scans for platinum and 
fluorine for a typical Pt/Nafion membrane prepared using 0.02 
mol dm -3 H 2 PtCl« and 0.1 mol dm~ 3 NaBHL) in 1 .0 mol dm- 3 
NaOH with manual shaking of the cell are shown in Fig. 6. The 
depth probed was approximately 60 urn into the Nafion 117 
material. It is clear that the fluorine level varies considerably in 
Nafion 117, reflecting the heterogeneous nature of fluorine 
distribution within the fluorinatcd polymer network. Fig. 6 
shows, however, from the overlap of the platinum and fluorine 
line scans that platinum has penetrated to a depth of less than 10 
urn into; the membrane. When the concentration of HjPtCU was 
reduced from 0,02 to 0.01 mol dm -3 , the top 5-10 urn region of 
the Pt/Nafion electrodes appeared to be particularly well 
enriched with platinum. This is in agreement with the findings 
of Kamasaki era/., 12 who found that by increasing the H 2 PtCl 6 
concentration, a more adherent deposit could be obtained. As 
the H 2 PtCI 6 concentration increases, more platinum is deposited 
inside the membrane and hence the adhesion is improved. With 
manual shaking of the cell, however, the depth of platinum 
penetration did not exceed 10 jim. 



Effect of solution agitation 

The electrolyte flow conditions are known to be important 
during the chemical deposition of platinum.'''* Solution 
agitation is necessary to remove hydrogen gas bubbles from the 
membrane surface, which interferes with platinum deposition 
and reduces the roughness factor and specific surface area. 
Improved agitation also controls adhesion of the precious metal 
to the membrane surface. The ionic transport of PtCl 6 2- and 
BR, ions within the membrane, which is restricted by 
electrostatic repulsion of the sulfonic acid groups, is raised. This 
reduces the concentration polarisation effects within the 
membrane and extends the penetration depth at which reduction 
first occurs.* 3 

Consequently, alternative methods of solution agitation were 
investigated. Table 1 summarises the effect of using four types 
of solution agitation on the platinum loading, roughness factor 
and specific surface area of the Nafion 1 17 structures. In these 
studies, the platinum loading was maintained at a relatively high 
level (3.9-5.S mg Pt cm -2 ) to provide a readily contacted 
conductive coating of platinum. Table I clearly shows that 



manually shaking the deposition cell at regular intervals 
produced the lowest R? value and platinum surface area (7.1 
m 2 g-' Pt). This suggests that the hydrogen formed during the 
reduction process was not efficiently removed from the 
membrane surface. This inhibited platinum nucleation, result- 
ing in an increased platinum particle size and a lowering of the 
Rf value and platinum specific surface area. Magnetic stirring 
of the electrolyte gave a slightly higher deposition rate and an 
increased Rf value and platinum specific surface area (16.7 m 2 
g- 1 Pt). In this case, the hydrogen was removed more efficiently 
from the membrane surface, producing more platinum nuclea- 
tion sites and, hence, a smaller platinum particle size and higher 
platinum surface area. EPMA also showed a greater degree of 
platinum penetration of the membrane at a given H 2 PtCl 6 
concentration. Mechanically shaking the cell showed little 
increase in the platinum surface area, /.«., even at 5.5 mg Pt 
cm -2 the specific surface area was only 10.3 m 2 g~ 1 Pt. EPMA 
also showed that at a similar HzPtClg concentration the platinum 
was deposited much closer to the surface of the membrane 
compared with manual shaking of the cell. Mechanically 
shaking the cell did not provide an efficient method of preparing 
Pt/Nafion structures. 

As a consequence of the success of magnetic stirring, a flow- 
through cell was designed and built (Fig. I) to provide a 
reproducible mass transport regime by controlling the mean 
linear velocity of the electrolytes during the chemical reduction 
process. 

Fig. 5(b) shows an atomic force micrograph Of a platinum- 
coated Nafion structure (3.8 mg Pt cm -2 ) obtained after 4 h 
using the flow-through cell with 0.02 mol dm -3 H 2 PtCl<; (v = 
4.3 cm s-') and 0.1 mol dm- 3 NaBHU in 1 mol dm- 3 NaOH (v 
= 4.3 cm s-'). An extremely regular platinum deposit was 
obtained. The smooth ripple effect indicates the direction of the 
solution flow. Typical peak dimensions were 1.5 urn in 
diameter and 0.27 u.m in height. TEM showed a similar fine 
particle structure down to 50 hfri diameter. At platinum loadings 
in the range 1-5 mg Pt cm -2 , comparable R v values and 
platinum surface areas were obtained to those achieved by 
magnetic stirring of the electrolytes (Table 1). Significantly, 
however, EPMA indicated that at a given platinum loading there 
was an increased degree of platinum penetration of the 



Table 1 Effect of solution agitation on platinum loading and surface area. 
Deposition conditions: 0,02 mol dm~ s H 2 PtCI 6 . 0.1 mol dm- 3 NaBK, in I 
mol dm -3 NaOH; 3 h deposition time: T - 295 K; Nafion 1 17 membrane 
surface not toughened 
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Fig. 6 EPMA traces across a Pt-coaied Nafion 117 membrane prepared 
from 0.02 mol dm~ J H 2 PtCI 6 and 0.1 mol dm-» NaBHU in 1 mol dm-' 
NaOH with the cell mechanically shaken during a deposition time of 3 h. T 
295 K; the membrane surface was not roughened prior to platinum 
deposition. The vertical axis (distance = zero) corresponds to the surface of 
the membrane originally in contact with die HiPtCU solution. Pt (top, thick 
line) and F (bottom, thin line) spectra have been peak-background 
corrected. 



Table 2 Effect of surface roughening of Nafion 117 on (he platinum 
surface area. The values in parentheses are for roughened membranes. 
Deposition conditions: 0.1 mol dm - * NaBH 4 in 1 mol dm" 3 NaOH; 3 h 
deposition time: T ~ 295 K; manual shaking employed; Nafion 1 1 7 surface 
pre-roughenened with wet 1200 grade silicon carbide paper 
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membrane (up to 5-30 |xm at high H 2 PtCI 6 concentrations). 
This produced good adhesion. Most importantly, reproducibil- 
ity of the platinum deposits was significantly improved over all 
other forms of solution agitation examined. This is a result of 
the well defined flow conditions in the cell. 24 It is important to 
have reproducible flow conditions to produce consistent 
platinum deposits of high specific surface area with good 
adhesion. 



Effect of surface roughening of the Nation 117 membrane 

In an attempt to improve the roughness factor, specific surface 
area and adhesion of the platinum deposit, the surface of the 
Nation 117 membrane was roughened with silicon carbide 
paper Table 2 shows the effect of surface abrasion on the R F 
value and platinum surface area at two concentrations of 
H 2 PtCI f> and a fixed concentration of NaBHa. with manual 
shaking of the cell. Surface abrasion resulted in an increase in 
the Rr value and specific platinum surface area by a factor of 
2.3-3.5 at a selected platinum loading. This suggests that there 
was an increase in the number of platinum nucleation sites on 
the roughened membrane surface, leading to a much reduced 
platinum particle size. SEM, AFM and TEM analysis confirmed 
a reduction in the average diameter of the deposited platinum 
particles to well below the previously observed 100 nm. The 
topography of the platinum deposit was, however, little changed 
with the fine microstructure and micro- and macro-nodules on 
islands formed by cracks observed. EPMA analysis did show a 
second effect from membrane roughening. More of the 
platinum deposit was located within the membrane at a given 
platinum loading. This improved the adhesion of the deposit. 

Combining the benefits of the surface roughening of Nafion 
1 17 with those achieved by using the flow-through cell 
produced the highest quality Pt/Nafion structures achieved in 
this study. Reproducible platinum deposits with good adhesion, 
but with higher specific platinum surface areas (30-50 m 2 g _I 
Pi) were achieved over a range of platinum loadings. These 
deposits are much improved over previously reported stud- 
ies 1713 of platinum deposition on Nafion 1 17. 



and mass transport losses within the electrode matrix, 27 they do 
imply a potential benefit. 



Conclusions 

The preparation conditions influencing the properties of 
platinum-coated Nafion 117 materials for electrochemical 
applications were investigated using the procedure of Takenaka 
and co-workers 17 - 1 ' 1 for the chemical deposition of platinum on 
to the membrane via NaBRt reduction of ftPtCU- Particular 
attention was given to EJKClf, concentration, the electrolyte 
agitation conditions during die chemical deposition and to 
surface roughening of the Nafion 117 membrane as a pre- 
treatment. 

The practical considerations for an 'ideal' structure include 
production of a porous deposit, a high surface area of platinum 
in contact with the Nafion membrane for good electrocatalysis 
and metal adhesion, with the platinum layer extending outside 
the membrane so that a current collector can be readily 
contacted. 2 To achieve this using the NaBH 4 reduction of 
H^tCle, a high concentration of H 2 PtCI (( should be used, with 
control of the electrolyte flow conditions and roughening of the 
Nafion membrane surface. Stirred or mechanically shaken 
conditions can be used but a flow-through cell using the plane, 
parallel plate geometry provides a preferred, controlled mass 
transport regime. The flow-through cell gives rise to a uniform 
deposit morphology and a controlled and high penetration 
beneath the Nafion 1 17 surface. In addition, a high platinum 
surface area was produced, principally owing to the efficient 
removal of hydrogen gas bubbles from the membrane surface. 
Roughening die membrane also raised the platinum surface area 
by increasing the number of nucleation sites available for 
platinum deposition. The combination of conditions used 
produced coherent platinum deposits with platinum surface 
areas at best around 50% of those achieved using current GDEs 
with carbon-supported catalysts. Further investigation of mem- 
brane pre-treatments and deposition conditions could give rise 
to improved platinum deposits. 



Comparison with conventional electrode technology 

It is worth comparing the roughness factors and specific surface 
areas with those typically achieved using traditional gas 
diffusion electrode (GDE) technology employed in a number of 
applications, most notably proton exchange membrane fuel 
cells. 23 - 26 Such systems employ carbon supported platinum 
catalysts impregnated with Nafion membrane electrolyte solu- 
tion to contact the metal in the electrodes. The GDEs are 
subsequently hot-pressed to the SPE membrane in applications 
where this is desired. By using high surface area carbon 
supports, platinum particle diameters of 2-5 nm are typically 
found, even after prolonged use. 27 This produces specific 
surface areas of 60-100 m 2 g~' Pt at platinum loadings Of 
40-20% m/m on the carbon support. This translates to Rr values 
in the range 3000-5000 cm 2 Pi cm~ 2 at a GDE loading of 5 mg 
Pt cm- 2 and 300-500 cm 2 Pt cm~ 2 at a more economical GDE 
loading of 0.5 mg Pt cm- 2 . At best, the use of roughened Nafion 
1 17 surfaces in a flow-through cell produced a specific surface 
area of 30-50 m 2 g _l Pt. This translates to an Rr value of 
1500-2500 cm 2 Pt em- 2 at an electrode loading of 5 mg Pt 
cm 2 and to 250 cm 2 Pt cm~ 2 at 0.5 mg Pt cm~ 2 . The 
potentially available platinum surface area is approximately 
50% lower in the platinum-coated membrane electrodes. 
Although higher elcctrocalalyst surface areas do not necessarily 
translate to a higher performance as a result of kinetic, ohmic 
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Appendix 
Symbols 



Ave 


Electrochemical surface area 


cm 2 Pt 




Geometric surface area 


cm 2 


A r 


Real surface area 


cm 2 Pt 


d 


Diameter of spherical particles 


cm 


Q m 


Electrical charge associated with 


210 uC cm- 2 Pt 




monolayer adsorption of hydrogen 




6h 


Charge associated with saturated 


uC 




hydrogen coverage 




Rr 


Roughness factor 


cm 2 Pt cm- 2 


S 


Specific surface area 


cm 2 g~' Pt 


T 


Temperature 


K 


W 


Platinum-loading 


g Pt cm~ 2 


V 


Mean linear flow velocity of 


cm s~< 




electrolyte 




P 


Bulk density of platinum 


21.41 gcm-3 
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